Aluminium/gallium co-doped ZnO (AGZO), indium/gallium co-doped ZnO (IGZO), and aluminium/ indium co-doped ZnO (AIZO) thin films were synthesised on glass substrates via aerosol assisted chemical vapour deposition (AACVD). The films were fully characterised by X-ray diffraction, X-ray photoelectron spectroscopy and scanning electron microscopy. The optoelectronic properties of the films were determined using UV/vis spectroscopy and Hall effect measurements. The AGZO film displayed the lowest resistivity (1.3 Â 10 À2 O cm) and highest carrier mobility (7.9 cm 2 V À1 s
Introduction
Doped zinc oxide is a widely investigated material, due to its potential as a sustainable transparent conducting oxide (TCO). TCOs are materials which are both optically transparent and electrically conductive -two properties which are usually mutually exclusive. 1 This combination of functional properties means that TCOs have a broad range of applications in photovoltaic devices, such as solar cells, touch screens, light-emitting diodes (LEDs) and liquid crystal displays (LCDs). 2, 3 Commercially, the two most commonly used TCO materials are tin-doped indium oxide (ITO) and fluorine-doped tin oxide (FTO). However, the price of both indium and tin are relatively high and unstable compared to zinc. 4 For this reason, there has been extensive research done into ZnO, due to its inherent n-type conductivity, [5] [6] [7] as well as its wide, direct band gap (ca. 3.37 eV at room temperature), [8] [9] [10] low cost, [11] [12] [13] and relatively low toxicity, [14] [15] [16] all of which make it appealing for industrial processes. Many dopants have been screened to improve the electrical properties of ZnO. The most common of these are the group 13 elements: aluminium, gallium and indium. These dopants are introduced as substitutional defects on zinc sites. 17 Aluminiumdoped ZnO (AZO), gallium-doped ZnO (GZO), and indium-doped ZnO (IZO) thin films have been prepared by various techniques, including magnetron sputtering, [18] [19] [20] pulsed laser deposition (PLD), [21] [22] [23] molecular beam epitaxy (MBE), 24, 25 atomic layer deposition (ALD), [26] [27] [28] spray pyrolysis, 29, 30 atmospheric pressure chemical vapour deposition (APCVD), [31] [32] [33] and aerosol assisted chemical vapour deposition (AACVD). [34] [35] [36] Moreover, co-doped ZnO films have been prepared using these dopants. Co-doping allows the benefits of two dopants to be exploited simultaneously. The strengths of one dopant can compensate for the weaknesses of another. For example, aluminium is the third most abundant element in the Earth's crust. 37 Hence, it is can be purchased at a lower cost than gallium and indium. Furthermore, aluminium has a relatively low toxicity compared to the other elements of group 13. 38 Additionally, AZO films tend to be more conductive than GZO and IZO films. [39] [40] [41] However, the high reactivity of aluminium may lead to unwanted side reactions during film growth. 42 Conversely, gallium is a relatively stable dopant element, which means the potential for unwanted side reactions is lower compared to other dopants. [43] [44] [45] Nomoto et al. found that, when exposed to 85% humidity at 85 1C for 1000 hours, the resistivity of GZO films were more stable in comparison to AZO films. 46 Another benefit of using gallium as the dopant for ZnO Aluminium/gallium co-doped ZnO (AGZO), [49] [50] [51] indium/gallium co-doped ZnO (IGZO), [52] [53] [54] [55] and aluminium/indium co-doped ZnO (AIZO) [56] [57] [58] thin films have been prepared previously by various techniques. However, until this study, they had not been synthesised via AACVD. AACVD is a technique which has several advantages over traditional APCVD. AACVD relies on dissolving the precursors and then generating an aerosol mist from the solution. Hence, the main benefit of AACVD is that a wide range of non-volatile precursors can be used to deposit a film at a low cost. Additionally, it is relatively easy to control the stoichiometry of dopants, since the amount of dopant incorporated into the film is related to the amount used in solution. In general, a higher dopant concentration in solution leads to a higher dopant concentration in the resultant film. Finally, neither the precursors, nor the lines leading to the reactor need to be heated, and hence AACVD is a relatively low-cost technique, through which films can be deposited with ease. 59, 60 In addition, recent work by Powell et al.
has demonstrated that AACVD can be used to deposit films with high growth rates (ca. 100 nm min
À1
), making the technique suitable for certain industrial depositions. 61 In this paper, AGZO, IGZO, and AIZO thin films were deposited via AACVD for the first time. This was also the first time where all three of these materials were synthesised under the same conditions, which has allowed for an unprecedented and thorough comparison of the three co-doped materials. The effects of aluminium, gallium, and indium were investigated with respect to the crystal and grain growth of the films, and the resultant optoelectronic properties. The effects of the dopants can be related to lattice distortion, based on the different ionic radii.
Experimental

Film synthesis
Aerosol assisted chemical vapour deposition (AACVD) was set up as described previously. 36, 62 All chemicals were purchased from Sigma-Aldrich, and were used as-bought, without any further purification. A typical precursor solution was made by dissolving Zn(acac) 2 (0.50 g, 1.90 mmol) in methanol (20 mL). Following this, dopant quantities of MCl 3 (M = Al, Ga, In) were dissolved in the solution. It was observed previously that 10 mol% dopant led to superior optoelectronic properties of AZO, GZO, and IZO thin films deposited via AACVD. 36 For this reason, the total dopant concentration for the co-doped films was kept at 10 mol%. Acetic acid (1 mL) was added to prevent hydrolysis of the Zn(acac) 2 . The solution was stirred for at least 10 minutes in a glass bubbler. The substrate used was a 3.2 mm thick float glass plate (Pilkington Technology Management Limited, Lancashire, UK), precoated with a 50 nm thick SiO 2 barrier layer to prevent leeching of ions between the substrate and the film. The substrate was cut to an area of 15 cm Â 4 cm. It was then cleaned using soapy water, isopropyl alcohol, and acetone, before being loaded horizontally into the reactor, on top of a carbon heating block, which heated the substrate to 450 1C. A top plate was suspended above the substrate to maintain laminar flow of the aerosol. An aerosol mist of the precursor solution was generated using a 'Liquifog' piezo ultrasonic atomizer from Johnson Matthey, which uses an operating frequency of 1.6 MHz. Nitrogen gas (99.99%, BOC) was used to transport the aerosol to the substrate, at a flow rate of 1 L min À1 . The exhaust of the reactor was vented into a fume hood. When the precursor solution and the associated aerosol mist had been completely emptied from the bubbler (ca. 30 min), the substrate was left to cool naturally under a continuous flow of nitrogen gas. Once cool, the films were handled and stored in air.
Characterisation techniques
X-ray diffraction (XRD) patterns were recorded using a Bruker D8 Discover X-ray diffractometer using monochromatic Cu Ka 1 and Ka 2 radiation of wavelengths 1.54056 and 1.54439 Å respectively, emitted in an intensity ratio of 2 : 1, with a voltage of 40 kV and a current of 40 mA. The incident beam angle was in a grazing setup at 11, and data was collected between 101 and 661 2y with a step size of 0.051 at 2 s per step. X-ray photoelectron spectroscopy (XPS) was performed using a Thermo Scientific K-alpha spectrometer with monochromated Ka radiation, a dual beam charge compensation system and constant pass energy of 50 eV, with a spot size of 400 mm. High resolution scans were performed of the carbon 1s, zinc 2p, oxygen 2p, aluminium 2p, gallium 3d, and indium 3d regions. Scans were performed at the film surfaces, and in the bulks of the films after etching for 200 s. Data was fitted using CasaXPS software. Scanning electron microscope (SEM) images were obtained using a JEOL JSM-6301F SEM at an acceleration voltage of 5 kV. UV/vis spectroscopy was done using a Perkin Elmer Lambda 950 UV/vis/NIR Spectrophotometer in both transmission and in diffuse reflectance mode. Room temperature Hall effect measurements were carried out on an Ecopia HMS-3000, which utilises the van der Pauw method. Measurements were taken using a 0.58 T permanent magnet and a current of 1 mA.
Results and discussion
Film synthesis
Aluminium/gallium co-doped ZnO, indium/gallium co-doped ZnO, and aluminium/indium co-doped ZnO thin films were successfully deposited on glass substrates via AACVD. Each dopant was kept at 5 mol% relative to zinc in solution, thus giving a total dopant level of 10 mol% in each precursor solution. This was done because previous work has shown that a 10 mol% dopant level for AZO, GZO, and IZO films deposited in the same conditions resulted in superior electrical conductivites. 36 Each deposition was repeated at least three times. No difference was observable between depositions, indicating the reproducibility of the technique. The films were highly adhesive to the glass substrates. They passed the Scotch tape test, and could not be marked when scratched lightly with a steel scalpel. The films were visibly transparent, and had coloured interference fringes across the surface. These fringes are the result of constructive and destructive interference between photons that reflect from the air-film boundary and the photons that reflect from the film-substrate boundary. 63 The presence of interference fringes indicates that difference in thickness of some regions of the film were similar to the wavelength of visible light. 64 In a thin film, preferred orientation is often observed in the XRD pattern. This is because the grains cannot be completely randomly oriented as is the case for a powder. For a film, growth is restricted in certain directions, which leads to strain. 62 In ZnO, the (002) plane has the lowest surface energy, and hence undoped ZnO films typically show preferred growth in this direction. 65, 66 The AGZO film also displayed preferred orientation in the (002) plane. This is analogous to AZO and GZO films deposited using the same conditions. 36 Conversely, the IGZO film did not display preferred orientation in the (002) plane. Rather, the most intense peaks in its XRD pattern were those corresponding to the (100) and (101) planes. This was analogous to the individually doped IZO films deposited in the same conditions. 36 The preferred orientation of the AIZO film appeared to be an amalgamation of the AGZO and IGZO films, with preferred growth in both the (002) and the (101) directions. From these results, it seems evident that the incorporation of aluminium into ZnO promoted growth in the (002) direction, whereas indium promoted growth in the (101) direction. Gallium seems to have had less of an effect over preferred orientation.
In addition, the Scherrer equation was used to estimate the crystallite sizes, from the full-width at half maximum (FWHM) values of the (002) peak for each film:
where D is the crystallite size, k is the Scherrer constant (taken to be 0.9), l is the wavelength of the incident X-rays, b is the FWHM in radians, and y is the Bragg diffraction angle in radians. 67 It was found that the crystallite sizes of AGZO, IGZO, and AIZO were 80 nm, 76 nm and 60 nm, respectively. Hence, the sharp peaks of the AGZO film indicated high quality crystal growth, with relatively large crystallites. 68 This is ideal for TCO applications, as it will lead to a reduction of scattering at crystal defects, consequently resulting in improved carrier properties. 69 A reduction in crystallite size for the films synthesised with indium indicates that indium was hindering crystallite growth. Nguyen et al. noted that the presence of indium resulted in a deterioration in crystal quality for their IGZO film deposited via magnetron sputtering, compared to their GZO film. 55 Similarly, Teehan et al. reported a deterioration in crystal quality of their AIZO films deposited via magnetron sputtering, compared to their AZO film. 56 Both groups attributed the resultant peak broadening to the larger ionic radius of In 3+ , which led to relatively poor quality crystal growth. The AIZO film had the smallest crystallites compared to AGZO and IGZO. This may be due to the lack of gallium, which is the dopant whose ionic radius is the most similar to that of Zn
2+
. Since the ionic radii of aluminium and indium are further from that of Zn 2+ , they will increase local strain, and prevent high quality crystal growth.
Elemental analysis
The oxidation states of the elements in the films were determined by XPS. Adventitious carbon was used to calibrate the data, with a binding energy of 285.0 eV for the carbon 1s peaks. 70, 71 The binding energies of the zinc 2p 3/2 and 2p 1/2 peaks were consistently found to be 1021.3 eV (AE0.2 eV) and 1044.4 eV (AE0.2 eV), respectively, which can be attributed to the Zn 2+ in ZnO ( Fig. 2a and b) . 72 79 These results all agree with our experimental observations. All of the dopants were successfully incorporated into the ZnO lattices (Fig. 3) . The aluminium 2p 3/2 and 2p 1/2 peaks had binding energies of 75.1 eV (AE0.2 eV) and 75.5 eV (AE0.2 eV), 87 were not observed.
The dopant:zinc ratios at the film surfaces and within the bulks of the films were also calculated (Table 1) . Each dopant was slightly surface-segregated. This is due to the formation of amorphous M 2 O 3 phases at the grain boundaries, caused by the dopants reaching their solubility limit in ZnO. 88, 89 These oxide phases are insulating, and limit the carrier mobility. Consequently, they result in a deterioration of the electrical properties. 90, 91 The only exception to this was gallium in the AGZO film, which was bulk-segregated. Another observation that can be made from the XPS data is that, for each film, there appeared to be a preferential incorporation of the lighter dopant elements.
Surface morphology
The surface morphologies of the films were highly dopantdependant (Fig. 4) . The grains of the AGZO film were randomly shaped, with their surfaces generally oriented upwards. Moreover, the grains of this film appeared to be smooth and pristine, without any morphological defects such as nano-cracks. The grains of the IGZO film were much more hexagonal in shape. They grew in a columnar fashion, with their surfaces also facing upwards. Jayaraman et al. observed well-defined hexagonal grains in their IGZO films deposited via spray pyrolysis, which had similar diameters to the IGZO grains described in this work. 54 The grain structure of the IGZO film is very similar to the GZO film deposited previously using the same conditions. 36 In both cases, the grains grew in a similar hexagonal, columnar fashion, with very similar grain sizes. This suggests that gallium has a greater influence over the growth mechanism than indium. The AIZO film had a grain structure that was similar to that of the AGZO film, with randomly shaped grains. Because the AGZO and AIZO films had similar surface morphologies, this also indicates that aluminium had a greater influence over the growth mechanism than indium. The main difference between the AGZO and AIZO morphologies is that the AIZO film had more nano-cracks, which suggests that the use of indium was detrimental towards grain growth. This is likely because indium is the only dopant with an ionic radius larger than Zn 2+ , resulting in a relatively high concentration of crystal defects, leading to poorer crystal growth. Large, well-connected grains with few defects are preferable for TCO applications to reduce grain boundary scattering. 46, 92 Although grain boundary scattering is typically thought to make a smaller contribution towards carrier mobility in samples where the mean free path of the carriers is smaller than the grain size, 93 it is important to note that grain boundary scattering has a more profound effect on ZnO-based TCOs than it does on ITO. 94 This is because of the higher concentration of trap states at grain boundaries in ZnO-based TCOs compared to ITO. 95, 96 Therefore, it is important to ensure that the grain structure of doped ZnO has as few morphological defects as possible.
Out of the three films deposited, the AIZO film had the most morphological defects, such as nano-cracks within the grains. This suggests that the presence of Ga 3+ resulted in superior grain growth. This is likely due to Ga 3+ possessing a similar ionic radius to Zn 2+ , thus allowing for good quality crystal growth, with relatively few defects in the structure.
Optical properties
For most TCO applications, 480% transmittance in the visible part of the spectrum (400-700 nm) is required. 97 The film with the highest visible transmittance was the AGZO film (Fig. 5) . The IGZO and AIZO films had very similar transmission profiles. This suggests that the incorporation of indium resulted in an increase in optical absorption, due to the disorder introduced into the structure caused by the large radius of In
3+
. The disorder results in the formation of localised states near the conduction band minimum. This leads to an increase in the band tail width, known as the Urbach energy. 98, 99 The additional states that arise due to the structural disorder result in an increase in absorption. Generally, the more disorder that is present in the structure, the greater the Urbach tail width. The use of any dopant will cause some disorder in the structure; however, as indium is the only dopant from this work with an ionic radius larger than that of Zn
2+
, it will result in the greatest amount of disorder. This explains the reduction in visible transmittance for the films which contain indium.
The transmission-reflectance data was used to generate Tauc plots (Fig. 6 ). These plots confirm the disorder introduced into the structure due the presence of indium. The Urbach energy typically manifests itself as a long wavelength absorption tail added to the main absorption edge. 100 The Urbach tails for the IGZO and AIZO films are higher in terms of absorbance than the AGZO film. The Tauc plots also revealed that the optical band gaps (E g ) of the films were not dopant-dependant, and remained constant at B3.27-3.28 eV. In previous work, undoped ZnO deposited in the same conditions yielded a band gap of 3.16 eV. 62 Hence, the co-doped films have resulted in a widening of the band gap. This is due to the Burstein-Moss effect, whereby lower energy levels in the conduction band are filled by electrons provided by the dopant elements. 101, 102 This raises the Fermi level. Hence, because the lower levels are blocked, more energy is required to promote electrons from the valence band to the conduction band. 9, 29 For this reason, the optical band gap increases.
103 
Electrical properties
The electrical properties of the films were determined using the van der Pauw technique, and are summarised in The IGZO film had the highest resistivity and the lowest mobility, possibly due to the fact that these dopants were the largest in terms of their radii, and hence more lattice distortion would be expected. Additionally, this film possessed smaller grain sizes, which, as previously discussed, could lead to increased grain boundary scattering, particularly for ZnO-based TCOs.
The resistivity values of these films are higher than the most conductive individually doped film (10 mol% AZO) which was deposited previously in the same conditions. 36 This could be because the total amount of dopant incorporated into the co-doped films (as indicated by XPS) was less than the total amount of dopant incorporated for the most conductive individually doped AZO film. As a result, a lower carrier concentration had been supplied to the conduction band, leading to higher resistivity.
Nguyen et al. reported that the resistivity of their GZO film (4.4 Â 10 À4 O cm) was lower than the resistivity of their IGZO film (9.0 Â 10 À4 O cm), both deposited via magnetron sputtering. 55 They explained that this was due to the lower crystallinity of the IGZO film, which led to an increase in localized states in the band structure, which subsequently acted as electron traps. 107 the ease of deposition using AACVD make the films from this work especially promising, and with the optimisation of deposition conditions, further improvements in the optoelectronic properties are achievable.
Conclusions
AGZO, IGZO, and AIZO thin films were deposited via AACVD for the first time. All of the films were pure wurtzite ZnO, with no secondary phases observed. The preferred orientation of the films was also shown to be dopant-dependant. The incorporation of aluminium promoted growth in the (002) direction, whereas indium promoted growth in the (101) direction. XPS analysis confirmed the presence of the oxidised dopants in each film. The morphologies of the films were dopant-dependant, and the presence of gallium appeared to result in superior grain growth. This is likely because the ionic radius of gallium is closer to Zn 2+ than the other dopants, leading to higher quality crystal growth. Using indium was detrimental towards grain growth due to its large ionic radius, which caused increased crystal disorder. This disorder was observable in the transmission-reflectance spectra of the IGZO and AIZO films, and caused a higher absorbance in the visible part of the spectrum. This was confirmed by the more significant Urbach tails in the Tauc plots for the IGZO and AIZO films. The AGZO film was the most conductive, due to the highquality crystallinity and morphology, which led to superior transport properties.
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